Background Obesity is a major public health problem leading to co-morbidities such as diabetes, hypertension and kidney failure. Bariatric surgery results in pronounced and maintained weight loss and prevention of obesity-related diseases and their complications. Most studies of bariatric surgery on kidney disease show improvements after surgery. However, longterm studies analyzing hard end-points are lacking. Here we report on the long-term effects of bariatric surgery compared to usual obesity care on incidence of end-stage renal disease (ESRD) alone and in combination with chronic kidney disease stage 4 (CKD4/ESRD). Methods 4047 patients were included in the Swedish Obese Subjects (SOS) study. Inclusion criteria were age 37-60 years and BMI ≥ 34 in men and BMI ≥ 38 in women. Patients in the bariatric surgery group (N = 2010) underwent banding (18%), vertical banded gastroplasty (69%), or gastric bypass (13%); controls (N = 2037) received usual obesity care. In this analysis, patients were followed up for a median time of 18 years. The incidence of ESRD and CKD4 was obtained by crosschecking the SOS database with the Swedish National Patient Register. Results During follow-up, ESRD occurred in 13 patients in the surgery group and in 26 patients in the control group (adjusted hazard ratio (HR) = 0.27; 95% CI 0.12-0.60; p = 0.001). The number of CKD4/ESRD events was 23 in the surgery group and 39 in the control group (adjusted HR = 0.33; 95% CI 0.18-0.62; p < 0.001). In both analyses, bariatric surgery had a more favorable effect in patients with baseline serum insulin levels above median compared to those with lower insulin levels (interaction p = 0.010). Treatment benefit of bariatric surgery was also greater in patients with macroalbuminuria at baseline compared to those without macroalbuminuria (interaction p < 0.001). Conclusions Our study showed for the first time that bariatric surgery is associated with a long-term protection against ESRD and CKD4/ESRD.
Introduction
Overweight and obesity has during the last decades escalated to a global epidemic [1, 2] . Obesity is associated with serious conditions, such as diabetes and hypertension [3] [4] [5] , which contribute to development of chronic kidney disease (CKD) and kidney failure [6] . Additionally, obesity is an independent risk factor for initiation and progression of renal damage [6] [7] [8] .
Weight loss most likely plays an important role in prevention and reduced progression of CKD and kidney failure. Bariatric surgery is currently the most efficient way to achieve and maintain significant long-term weight loss [9, 10] . Recent studies have concluded that bariatric surgery attenuates diabetes mellitus and its microvascular complications such as nephropathy in patients with obesity and diabetes at baseline [11] [12] [13] . Several other studies have directly addressed the effects of bariatric surgery on kidney function. Most of these studies points towards an improvement in kidney function after bariatric surgery [14] . However, several of these studies have been limited in either number of patients, short followup time, or both. The latest review of this topic clearly indicates the need for further well-powered long-term studies to establish if bariatric surgery can reverse CKD or delay progression to ESRD [14] .
In this study, we have examined the effects of bariatric surgery compared to usual obesity care on incidence of endstage renal disease (ESRD). In a complementary analysis, we included chronic kidney disease stage 4 (CKD4) as a renal end point alongside ESRD. CKD4 is the state of severe chronic kidney damage preceding ESRD. As renal function deteriorates to CKD4, specialist care is usually required, which makes the complementary CKD4/ESRD analysis clinically relevant. We have also investigated the association between risk factors for chronic kidney disease and the effect of bariatric surgery on the incidence of ESRD and CKD4/ESRD. Methods Seven regional ethics review boards (Gothenburg, Lund, Lindköping, Örebro, Karolinska Institute, Uppsala, Umeå) approved the study protocol. All patients provided written or oral informed consent. The study has been registered at ClinicalTrials.gov (NCT01479452).
Study participants
The Swedish Obese Subjects (SOS) study is an on-going, non-randomized, matched, prospective intervention study involving participation of 25 public surgical departments and 480 primary health care units in Sweden. The study design has been thoroughly accounted for in previous publications [9, 15] . In total, 4047 patients were recruited in this study between 1 September 1987 and 31 January 2001. Inclusion criteria were age between 37 and 60 years and a BMI of at least 34 kg/m 2 for men and 38 kg/m 2 for women. In the SOS study, according to intentions-to-treat principle, 2010 patients were included in the bariatric surgery group and 2037 patients were enrolled in the matched control group.
Intervention
In the surgery group, 266 patients were treated with gastric bypass (13.2%), 376 patients with non-adjustable or adjustable banding (18.7%), and 1365 patients with vertical banded gastroplasty (68.1%). The control group was given the customary non-surgical treatment of obesity offered at their primary health care center.
Examinations and data collection
Both groups had identical examinations at baseline and after 0.5, 1, 2, 3, 4, 6, 8, 10, 15, and 20 years. Centralized biochemistry was performed at baseline and after 2, 10, 15, and 20 years. A detailed account of data collection procedures has been provided in earlier publications [9, 15] .
Data on the incidence of diagnosed ESRD and CKD4 was obtained from the Swedish National Patient Register. The cut-off date for register linkage in the current report was 31 December 2013, resulting in a median follow-up time of 18 years (interquartile range 14 to 21 years, maximum 26 years).
Patients were given clear and comprehensive instructions on how to collect 24 h' urine samples at home. Urinary albumin excretion rate (U-AER) was calculated on the basis of the 24 h' urine collection, expressed in mg per 24 h. Urinary albumin-tocreatinine ratio (U-ACR) was calculated based on urinary albumin and creatinine concentrations. Normoalbuminuria was defined as U-AER < 30 mg albumin/24 h or, alternatively, U-ACR < 3.4 mg/mmol. Microalbuminuria was defined as 30 ≤ U-AER < 300 mg albumin/24 h or, alternatively, 3.4 ≤ U-ACR < 34 mg/mmol. Macroalbuminuria was defined as U-AER ≥ 300 mg albumin/24 h or, alternatively, U-ACR ≥ 34 mg/mmol. An estimate of renal function was derived from a value for estimated glomerular filtration rate (eGFR) calculated according to a four variable MDRD (Modification of Diet in Renal Disease) formula [16, 17] , where the race factor was not included. Impaired fasting glucose (IFG) was defined as fasting blood glucose of at least 90 mg/dL (5.0 mmol/L) and less than 110 mg/dL (6.1 mmol/L). Diabetes was defined by selfreported medication with antidiabetic drugs or by fasting blood glucose greater or equal to 110 mg/dL (6.1 mmol/L). Hypertension was defined as systolic blood pressure of at least 140 mmHg or diastolic blood pressure of at least 90 mmHg or self-reported treatment with antihypertensive medication. The index of intra-abdominal pressure and visceral adiposity was expressed by means of the sagittal diameter, measured as the distance between the examination table and a carpenter's level held horizontally across the abdomen at the level of the iliac crest [18] .
Outcomes
The primary end point of the SOS study was overall mortality [9] and power calculations were performed based on this outcome. Secondary end-points include cardiovascular disease [19] , diabetes [10] and gall bladder disease [20] . Kidney disease was not a predefined end point. Here we define ESRD in accordance to the CDISC (Clinical Data Interchange Standards Consortium, Inc) criteria, namely:
Diagnosed chronic kidney disease stage 5 (CKD5), ESRD, end-stage of chronic renal insufficiency and/or Treatment with chronic dialysis and/or Kidney transplantation.
Diagnosed CKD4 was added as a renal end point to the above-mentioned ESRD criteria in a complementary CKD4/ ESRD analysis. The complete list of the ICD-9, ICD-10 and procedure codes defining the renal outcomes of this study is presented in Supplementary Table 1 .
Statistical analysis
The baseline characteristics were described using mean values with standard deviations. Evaluation of baseline differences between the treatment groups were performed using two-sided t-tests for continuous variables and Fisher's exact test for categorical variables. Patients were followed up until any of the previously listed renal end-points defining ESRD or CKD4/ESRD, censoring, or until the cutoff date.
Time to renal event was compared between the surgery and the control groups using Kaplan-Meier estimates of cumulative incidence rates. The statistical differences in cumulative incidence was analyzed using the log-rank test.
Cox proportional-hazards model with a single covariate was used to calculate the hazard ratio. Hazard ratios adjusted for sex and baseline diabetes status, hypertension, age, BMI, sagittal diameter, serum triglycerides, and natural logtransformed (ln-transformed) values of U-AER or U-ACR were calculated using a multivariate Cox regression model. Natural log transformation of U-AER and U-ACR values was carried out in the multivariate analyses in order to reduce the skewness in this data. Due to high correlation between U-AER and U-ACR, and their logarithmized values, accordingly, both could not be simultaneously included in the regression model. Hence, two separate calculations of adjusted hazard ratios were made, one using natural log-transformed U-AER, and one using natural logtransformed U-ACR as one of the variables.
The cumulative incidence of renal end-points in secondary subgroups defined in accordance to baseline parameters was calculated separately, and the association between the risk factors and the effect of bariatric surgery on ESRD and CKD4/ESRD was analyzed by introducing a corresponding interaction term to the Cox proportional hazard regression model. Dichotomous variables could attain one of the two values (e.g., male or female sex). All but two continuous variables were dichotomized based on median baseline values of the original variables. U-AER and U-ACR were trichotomized based on above-mentioned criteria for albuminuria. In total, 20 post hoc treatment interaction analyses were carried out and no correction for multiple testing was applied.
The numbers needed to treat to prevent ESRD in one patient at 10 years was calculated in different subgroups as the reciprocal of absolute risk difference between the surgery and the control groups.
The per protocol principle was applied in all analyses. In the per protocol analyses used in this study, 2007 patients were treated with bariatric surgery, whereas 2040 patients constituted the control group, owing to the fact that the bariatric surgery procedures that were planned for three patients included in the original surgery group were canceled. During follow-up, patients were censored at the time of death or date of emigration. Two patients in the surgery group withdrew consent and were censored immediately after the date of inclusion to the study. In addition, control patients who underwent bariatric surgery and patients in the surgery group who underwent surgical reinstatement during follow-up, e.g., band removal, were identified using the National Patient Register and SOS questionnaires and they were censored at the time of surgery. All p-values were two-tailed and p < 0.05 was considered to define statistical significance. Calculations were performed using Stata statistical package 12.1.
Results

Baseline characteristics
Detailed characteristics of study patients at baseline are presented in Table 1 . Patients in the surgery group were slightly worse off as regards their metabolic condition with higher baseline mean values for BMI, sagittal diameter, body weight, systolic, and diastolic blood pressure, and higher concentrations of serum insulin, cholesterol and triglycerides, compared to the control group. Risk factors for chronic kidney disease, such as diabetes, high blood glucose, and hypertension, were also more pronounced in the patients in the surgery group, whereas eGFR was marginally higher than in control group.
Incidence of ESRD and subgroup interaction analysis
The cumulative incidence of ESRD in the control and surgery groups is shown in Fig. 1 . During follow-up, ESRD was observed in 26 patients in the control group, which corresponds to the incidence rate of 7.6 events (95% CI 5.2-11.1) per 10,000 person years. Compared to the control group, the incidence of ESRD was lower in the bariatric surgery group, with 13 events during follow-up, corresponding to the incidence rate of 3.7 events (95% CI 2.1-6.4) per 10,000 person years (log-rank p = 0.019; unadjusted hazard ratio = 0.46; 95% CI 0.24-0.90). Following adjustment for confounding baseline factors (sex, age, BMI, sagittal diameter, diabetes, hypertension, serum triglycerides, and natural log-transformed U-AER, the hazard ratio was 0.27 (95% CI, 0.12-0.60) ( Table 2) . Substituting natural log-transformed U-AER for natural logtransformed U-ACR in the regression model renders the adjusted hazard ratio of 0.28 (95% CI, 0.13-0.62) (Supplementary Table 2 ).
The cumulative incidence of ESRD stratified by different types of bariatric surgery is presented in Supplementary   Figure 1 . Compared to the control group, the hazard ratio of ESRD was 0.23 (1 event, 95% CI 0.03-1.70; p = 0.151) in the banding subgroup; 0.59 (10 events, 95% CI, 0.28-1.22; p = 0.151) in the vertical banded gastroplasty group; and 0 (0 events) in the gastric bypass group (log-rank p = 0.093).
The incidence of ESRD in subgroups stratified in accordance to baseline parameters and interactions between the baseline risk factors and treatment effects are presented in Table 3 . In the control group, male sex, baseline diabetes, baseline hypertension, elevated systolic blood pressure, higher levels of blood glucose, serum insulin and creatinine, along with microalbuminuria and macroalbuminuria were associated with higher incidence of ESRD (Table 3 ).
In general, bariatric surgery was associated with lower incidence rates of ESRD in baseline subgroups compared to usual care, with hazard ratios ranging from 0. 15 treatment benefit of bariatric surgery was observed in the subgroups with higher serum insulin (interaction p = 0.010) and with macroalbuminuria (U-AER interaction p < 0.001; U-ACR interaction p < 0.001). Noteworthy, the lowest hazard ratios were observed in patients with macroalbuminuria at baseline (HR = 0.19, 95%CI 0.06-0.60, and NNT = 8 for patients with baseline U-AER > 300 mg/24 h; HR = 0.15, 95% CI 0.04-0.57, and NNT = 5 for patients with baseline U-ACR > 34 mg/mmol) ( Table 3 ).
Incidence of CKD4/ESRD
The cumulative incidence graphs for the CKD4/ESRD event in the control and surgery group are shown in Fig. 2 and Supplementary Figure 2 . During follow-up, CKD4/ ESRD was observed in 39 patients in the control group, which corresponded to the incidence rate of 11.4 events (95% CI 8.3-15.6) per 10,000 person years. In the bariatric surgery group, the observed number of patients with incident CKD4/ESRD was 23, corresponding to the incidence rate of 6.5 events (95% CI 4.3-9.8) per 10,000 person years, which was lower compared to the control group (log-rank p = 0.016; unadjusted hazard ratio = 0.53; 95% CI 0.32-0.89). Following adjustment for confounding baseline factors (sex, age, BMI, sagittal diameter, diabetes, hypertension, serum triglycerides, and natural log-transformed U-AER), the hazard ratio was 0.33 (95% CI, 0.18-0.62) (Supplementary Table 3 ). Substituting natural logtransformed U-AER for natural log-transformed U-ACR in the regression analysis rendered the adjusted hazard ratio of 0.35 (95% CI, 0.19-0.64) (Supplementary Table 3 ). The incidence of a CKD4/ESRD event in subgroups stratified by baseline risk factors, and interactions between risk factors and treatment are presented in Table 4 . Generally, this interaction analysis rendered similar results as for the ESRD outcome. Increased treatment benefit of bariatric surgery compared to usual care was again observed in patients with higher serum insulin (interaction p = 0.002), and with macroalbuminuria (U-AER interaction p < 0.001; U-ACR interaction p < 0.001) at baseline. The lowest hazard ratios were observed in patients with baseline U-AER > 300 mg/24 h (HR = 0.18, 95% CI 0.07-0.48, NNT = 6), and in those with baseline U-ACR > 34 mg/mmol (HR = 0.14, 95% CI 0.04-0.44, NNT = 4), respectively (Table 4 ).
Discussion
The results of our study show that the long-term incidence of ESRD was reduced by over 70%; and the incidence of CKD4/ESRD was reduced by 65%, respectively, in the surgery group compared to the usual care control population. This highlights the possibility of weight loss as a part of the long-term prevention strategy for kidney disease.
The analyses of the secondary subgroups showed that control patients with higher degree of metabolic disturbances at baseline generally were more prone to develop ESRD. In the high-risk control subgroups (male sex, diabetes, high systolic blood pressure, elevated levels of blood glucose, serum creatinine, and urinary albumin at baseline) the incidence of ESRD was consistently higher than in corresponding low-risk control subgroups. This supports our previous findings, where the same factors (except Screatinine) were found to significantly contribute to development of albuminuria [21] . In the current study, the risk reduction obtained for ESRD was also comparable to the risk reduction for albuminuria previously seen in the SOS study [21] .
In the risk factor-treatment interaction analysis, increased beneficial effects of bariatric surgery on prevention of ESRD were observed in patients with high serum insulin levels and macroalbuminuria at baseline. The same effects were seen in the complementary CKD4/ESRD analysis. The results of this interaction analysis were in line with our previous reports regarding factors predicting efficacy of bariatric surgery in prevention of various types of obesity-related disorders. This work, as well as our previous reports showed that in the SOS study baseline BMI is not a predictor of the effect of bariatric surgery, whereas different biochemical manifestations of disturbed glucose metabolism have repeatedly emerged as the factors that predicted benefits of bariatric surgery [10, 19, 22, 23] . For instance, elevated baseline level of serum insulin was earlier shown to be a predictive factor in prevention of long-term cardiovascular events [19] and female-specific cancer [23] . Both elevated serum insulin and IFG at baseline were predictors for benefits of surgical obesity treatment in prevention of diabetes mellitus type 2 [10] . Patients with prediabetes at baseline benefited more from bariatric surgery regarding long-term prevention of microvascular disease, compared to those with diabetes or normoglycemia [24] . Finally, in patients with obesity and diabetes at baseline, treatments with bariatric surgery resulted in the same total health care costs compared to the control population, although in the normoglycemic and prediabetes subgroups surgery was a more costly treatment option in regards to the total health costs [25] . Anew, our results raised the question whether guidelines for selecting patients for bariatric surgery need to be adapted to the new research findings and possibly include biochemical characteristics alongside or instead of BMI.
In the current study, macroalbuminuria was observed as a predictor of beneficial effects of bariatric surgery on prevention of ESRD and CKD4/ERSD. Following bariatric surgery, the incidence of ESRD was reduced by over 80% in patients with macroalbuminuria at baseline, with NNT to prevent one case of ESRD of 8 or 5 depending on whether macroalbuminuria was defined based on U-AER or U-ACR, respectively. Similar results were obtained for the incidence of the CKD4/ESRD. These results implied that bariatric surgery might have a clinically relevant protective renal effect in obese patients with overt nephropathy and progressing renal damage.
One limitation of the SOS study is the fact that the study was not randomized due to the ethical considerations from 1980s related to the relatively high postoperative death rate (1-5%) following bariatric surgery. The study was not originally designed to address the issue of the effects of bariatric surgery on the incidence of chronic kidney damage and ESRD. However, to date this is the most comprehensive analysis of the association between bariatric surgery, CKD4 and ESRD. The major strengths lie in both the length of the follow-up time and the extensive study population. The length of the follow-up may be of particular importance since CKD4 and ESRD are late complications of obesity and obesity-related disorders, and usually take several years to develop. Our definitions of renal events include unambiguous and relevant register-based data. ESRD is defined in line with the latest criteria for ESRD proposed by the CDISC (Clinical Data Interchange Standards Consortium, Inc). The coverage of the data on the somatic disorders in the Swedish National Patient Register is 99% for inpatient care and 80% for specialist outpatient care [26] .
In conclusion, bariatric surgery reduced the long-term incidence of ESRD by over 70% compared to conventional obesity treatment. The long-term incidence of clinically relevant obesity-related severe renal conditions that require specialist care, and include CKD4 and ESRD, was reduced by 65% following bariatric surgery. Elevated serum insulin and macroalbuminuria at baseline predicted relative benefits of bariatric surgery compared to conventional obesity treatment as regards prevention of ESRD and CKD4/ESRD. Thus, ESRD can now be added to the list of hazardous obesity-related health conditions that may be prevented by bariatric surgery. U-AER urinary albumin excretion rate, U-ACR urinary albumin-to-creatinine ratio a Significant interaction p-value indicates differences in relative treatment effects in the subgroups defined by baseline parameters
